Bacterial flagella are large extracellular protein organelles that drive bacteria motility 24 and taxis in response to environmental changes. Previous research has focused mostly 25 on describing the flagellar assembly, its rotation speed and power output. However, 26 whether flagella are permanent cell structures and, if not, the circumstances and timing 27 of their production and loss during the bacterial life cycle remain poorly understood. 28 Here we used the single polar flagellum of Vibrio alginolyticus as our model and, using 29 in vivo fluorescence imaging, revealed that the percentage of flagellated bacteria (PFB) 30 in a population varies substantially across different bacterial growth phases. In the 31 early-exponential phase, the PFB increases rapidly in respect to incubation time, mostly 32 through widespread flagella production. In the mid-exponential phase, the PFB peaks 33 at around 76% and the partitioning of flagella between the daughter cells is 1:1 and 34 strictly at the old poles. After entering the stationary phase, the PFB starts to decline, 35 mainly because daughter cells stop making new flagella after cell division. Interestingly, 36 we discovered that bacteria can actively abandon flagella after prolonged stationary 37 culturing, though cell division has long been suspended. Lack of glucose was found to 38 be a major factor promoting flagellar disassembly. We also revealed that the active loss 39 of flagella was initiated by breakage in the rod connecting the extracellular filament to 40 the basal body formed by MS-and C-rings. Our results highlight the dynamic 41 production and loss of flagellar filaments during the bacterial life cycle.
Once the cells began the stationary phase, the PFB dropped sharply and finally returned 117 to about 10% ( Figure 1B) . We confirmed the flagella lost from cell in the late-118 exponential phase to detect the filament proteins ( Fig. S1 ).
119
To further understand the dynamics of flagellar production and loss, we plotted the 120 PFB versus cell concentration ( Figure 1C ) and calculated the flagellated cell 121 concentration (cell OD × PFB) with respect to the total cell concentration (cell OD), as 122 shown in Figure 1D . Our findings indicated that in the early-exponential phase, many In the early-exponential phase flagella are widely produced 144 Following our finding that the PFB increased rapidly in the early-exponential 145 phase of bacterial growth, we examined the mechanism underlying these dynamic PFB 146 changes at the single cell level.
147
To investigate the flagellar growth pattern in this phase, we again used FM 4-64 148 to stain the flagella and conducted time-lapse recording under a fluorescent microscope.
8
Overnight, wild-type V. alginolyticus strain VIO5 was transferred into fresh VC 150 medium (see Materials and Methods) at the ratio of 1:100 for regrowth. After 0-3 hours, 151 bacteria cells were observed under a fluorescent microscope and flagellar growth was 152 recorded in real-time for 180 minutes. 153 We also constructed a VIO5 derivative strain (NMB344) that expressed enhanced where the C-ring noncovalently attaches to the MS-ring. According to previous studies, 158 the C-ring must form before the flagellum can assemble [1, 43] . Therefore, using this 159 strain we can validate the production of a new flagellum by identifying a localized 160 EGFP-FliG spot at the base of the flagellum.
161
Initial microscopic observations showed that most bacteria possessed no flagella, 162 a result consistent with the population measurement. Very soon though, we saw a 163 widespread production of flagellar stubs and the PFB increased rapidly. During this 164 process, many bacterial cells without flagella became flagellated, accompanied by 165 formation of localized EGFP-FliG spots at cell poles. The appearance of flagella mostly 166 followed 2 patterns: (I) A flagellum was made at one pole of the bacterium before cell 194 During bacterial cell division, each daughter cell has an old pole and a new pole.
195
The old poles existed in the mother cell prior to cell division, while the new poles form 196 only after cell division is complete. Through real-time single-cell imaging, we found 197 that new flagella were uniformly made at the old poles during cell division ( Figure 2D ).
198
The appearance of flagella mostly followed 2 patterns: (I) A new flagellum was made 199 at the pole opposite that of the pre-existing flagellum, then cell division soon followed and cell body, we found that new flagella could grow either before (43%) or after (46%) 211 cell division was finished ( Figure 2G ). However, the temporal sequence between 212 EGFP-FliG cluster assembly and cell division differed in that FliG cluster assembly 213 could occur either before (78%) or after (17%) cell division was complete ( Figure 2G ).
214
This observed higher percentage of FliG cluster formation before cell division agrees 215 with the fact that FliG cluster formation is a prerequisite of flagellar growth. In the stationary phase, V. alginolyticus actively abandon flagellar filaments 242 When bacterial growth entered the stationary phase (7+ hrs), the bacteria's OD was 243 basically stable, indicating that bacterial cell numbers did not increase. However, the 244 PFB continued decreasing during this phase ( Figure 1B ), suggesting that cell division 245 was not the only mechanism through which bacteria lose flagella.
246
Under the microscope, we observed the bacteria that had been transferred to fresh 247 VC medium at 10 hrs after overnight culture and found that bacteria that shed their 248 flagella frequently also showed no signs of growth ( Figure 3D) . Representative time- Figure 4A , the PFB in a medium with no glucose decreased rapidly to 5% in 5 hrs.
262
However, the addition of 5 mM glucose slowed down the PFB drop to 30% in 5 hrs and 263 15 mM glucose was enough to stop the loss of flagella. Therefore, our results suggest 264 that glucose is important for bacterial flagella retention.
265
Besides the depletion of glucose, the accumulation of inhibitory metabolites in the 266 stationary phase might also contribute to flagella loss. So, we prepared a 'spent' VC 267 medium by removing bacterial cells from an overnight culture and used this supernatant 268 to culture mid-exponential phase V. alginolyticus cells. As expected, the PFB showed 269 an obvious decrease in the spent VC medium ( Figure 4B) ; however, for cells transferred 270 to the spent VC medium supplemented with 45 mM glucose, we found that the PFB 271 would remain stable for 5 hrs before beginning a gradual decline. This indicated that 272 glucose supplementation alone was sufficient to rescue flagellar loss in the spent VC 273 medium. Taken together, our data demonstrated that the lack of a carbon source, glucose, 274 is a primary factor driving active bacterial flagella abandonment. Figure 5A, B) .
292
Based on these results, we speculated 2 scenarios that may underlie the flagellar 293 disassembly process: 1) The disassembly process starts with proteolysis of the basal To differentiate these 2 possible mechanisms, we traced the movement of EGFP-306 FliG clusters with time-lapse imaging at 10 secs intervals during flagellar loss.
307 Surprisingly, we saw that many polar, localized FliG clusters suddenly moved (Figure 308 6A). We described this movement using a custom computer program developed to track 309 FliG cluster trajectory (see Material and Methods). Interestingly, moving FliG clusters 310 were found to travel along the periphery, not the center, of bacterial cells ( Figure 6B ).
311
Next, we measured the distances between mobile FliG clusters and the edges of 312 bacterial cells. The distance distribution was found to be similar to that of localized 313 FliG clusters to the edges of bacterial cells, suggesting that these mobile FliG clusters 314 were moving on the cells' inner membranes ( Figure 6C ). This finding also implied that 315 flagellar loss starts with detachment, rather than destruction, of the C-ring complex. 316 Next, we plotted the mean-squared displacement (MSD) versus time interval (Δt) of 317 the mobile FliG clusters. The slope of the MSD-Δt plot confirmed that EGFP-FliG 318 clusters were highly mobile with an average diffusion constant of 9.45×10 -3 μm 2 /s 319 ( Figure 6D ). In a previous study, Fukuoka et al. [44] showed that GFP-FliG clusters 320 move on the inner membrane in Escherichia coli with an average diffusion constant of 321 4.9×10 -3 μm 2 /s, thus supporting our premise that V. alginolyticus FliG clusters also 322 move on the inner membrane before flagellar disassembly.
323
FliG is located on the cytoplasmic side of the C-ring, which is also directly 324 associated with the MS-ring component, FliF [37] . The fast movements of FliG clusters 325 that we observed suggested that the MS-ring and C-ring motor components can move 326 freely on the inner membrane, after losing the anchoring forces of the rod, P-ring, and 327 L-ring [45] [46] [47] . We further confirmed the connection between FliG movement and 328 flagella loss using two-color time-lapse imaging ( Figure 6E) . The results clearly 329 demonstrated that the FliG cluster definitely moves freely on the inner membrane 330 before the flagellum detaches from the cell body. Altogether, our data suggest that 331 flagellar loss is not initiated by basal body deconstruction but rather by breakage in the 332 rod component somewhere between the flagellar filament and the C-ring (Figure 7) . brake' [48, 49] . In addition, decreasing the PMF has been shown to dissociate stator 375 units from the flagellar motor, thus stopping motor rotation in E. coli. Similar 376 observations have also been found in the sodium-driven motor in V. alginolyticus [50] .
377
Given these existing mechanisms that enable bacteria to stop flagellar rotation 378 without losing flagella, we were intrigued that they would actively abandon their sub-complex containing the C-and MS-rings near the P-and L-ring sub-complexes in 394 many Legionella pneumophila cells. Although they explained this with a cell membrane 395 breakage event, perhaps these disassembly products resulted from a 'break in the rod', 396 as we observed and according to our proposed model. Furthermore, we established that 397 flagellar loss is less affected by the newly produced substances in the stationary phase, 398 but is more dependent on glucose in the medium, thus agreeing with a previous result 399 [39] . In terms of pathogen-host interaction, whether the loss of flagella due to nutrient 400 depletion would intensify or attenuate host immune response warrants continued study. 
Materials and Methods

404
Strains and culturing 405 The V. alginolyticus wild-type strain VIO5 was used in this paper for flagellar 406 visualization and the calculation of the PFB. The green fluorescent protein-FliG 407 (EGFP-FliG) expressing strain (NMB344) was constructed from the VIO5 strain by 408 using homologous recombination with the plasmid pTSK92, a derivative of the suicide 409 vector pSW7848 [53], as described previously [54] . V. alginolyticus was grown from 410 frozen stock in VC medium (0.5% Bacto-tryptone (w/v), 0.5% yeast extract (w/v), 0.4% 411 K2HPO4 (w/v), 3% NaCl (w/v), 0.2% glucose (w/v)) for 16 hours. The cells were then 412 re-grown in VC medium after 1:100 dilution. Two motility buffers, TMN (50 mM Tris-413 HCl (pH = 7.5), 5 mM MgCl2, 300 mM NaCl) and TMK (50 mM Tris-HCl (pH = 7.5), 414 5 mM MgCl2, 300 mM KCl), with selected glucose concentrations were used as non-415 22 growing media.
416
Sample preparation 417
To visualize V. alginolyticus flagella, or FliG clusters, we constructed a micro-418 channel chamber by using double-sided tape to affix a coverslip to a microscope slide 419 that had both been cleaned with saturated KOH solution. To immobilize cells, poly-L-420 lysine (Sigma, 0.1%) was run through the channel, which was then washed immediately 421 with TMK medium. Then, the cells were harvested and washed with TMK by centrifuge 422 with 5500 rpm for 2 mins. Next, we added the cell suspension into the channel, allowing 423 it to sit for 10 mins before washing it with TMK to remove non-attached cells. Fig. S1 . Detection of the filament protein in the culture supernatant. VIO5 cells were grown in VC medium and 1 ml culture was aliquoted at indicated time. Cells were precipitated by centrifugation, and then culture supernatant were ultracentrifuged. Both pellets (low speed spin for "whole cell lysate" and ultracentrifugation for "culture supernatant") were suspended to the normalized volume (equivalent to OD660 of 10) and analyzed by SDS-PAGE followed by immunoblotting. 
